Adult dorsal root ganglion neurons express oligosaccharides conjugated to lipids that may be involved in cell-cell recognition, and consequently in the laminar organisation of their central terminations. This paper describes an immunohistochemical study of the developmental expression of 2 lactoseries (LA4 and LD2) and 1 globoseries (SSEA4) oligosaccharide conjugates in rats from embryonic d 19 to postnatal d 60. The expression of calcitonin gene related peptide and the growth associated protein GAP43 was also examined for comparative purposes. We found that these oligosaccharide conjugates begin to be expressed after birth, suggesting that they may be involved in maturation of the central or peripheral terminations, rather than axonal guidance.

DRG neurons can be subdivided on the basis of function and morphology, but can also be characterised by the biochemical (such as neurotransmitter, neuropeptide, enzyme, oligosaccharide conjugate and neurotrophin receptor expression) content of their axons and perikarya (see Lawson, 1992) . Moreover, the relationship between the expression of these various molecules and neurotrophic receptor expression may provide a theoretical basis for these subgroups. However, one of the most intriguing ways of classifying sensory neurons, that of oligosaccharide conjugate expression , has not been investigated as thoroughly as that of other molecules. These oligosaccharides are conjugated to cell surface lipids and may be responsible for recognition of target neurons or cells in the spinal cord, or in the periphery. Sensory neurons containing oligosaccharides with terminal α--galactose residues terminate in lamina I-II (Alvarez et al. 1989) , and the expression of terminal α--galactose residues has recently been shown to be linked to the expression of the receptor for glial derived neurotrophic factor (GDNF : Molliver et al. 1997) . Furthermore, these Correspondence to Dr M. J. Groves, Department of Neurpathology, Institute of Neurology, Queen Square, London WC1N 3BG, UK. neurons are small, with unmyelinated axons, contain fluoride resistant acid phosphatase (FRAP) and do not appear to contain neuropeptides (see Alvarez et al. 1991 ; Averill et al. 1995) ; their precise function is unclear. It is not known whether the expression of the extended, terminal α--galactose-containing oligosaccharide epitopes occurs at the same time. Knowledge of the time course of expression may assist understanding of their role.
The aim of the present study was to establish at which developmental time, and where, 2 lactoseries (immunostained with the LA4 and LD2 antisera) and 1 globoseries oligosaccharide (stage specific embryonic antigen-4 : SSEA4) conjugates are expressed in rat DRG neurons in the 4th and 5th lumbar ganglia, and in their central processes in the spinal cord. The L4 and L5 DRGs and L4\L5 region of the spinal cord of rats were examined, using immunocytochemical techniques, from days E19 to P60. We compared this with the expression of CGRP (as a marker for the neuropeptide-containing small diameter DRG neurons) that begins to be expressed from E16-18 (Marti et al. 1987) , and GAP43 (an indicator of axonal growth : see Skene, 1989) .
  
Tissue preparation L4 and L5 dorsal root ganglia and the L4\L5 region of the spinal cord were examined from rats at embryonic d 19 (E19), postnatal (P) d 0, 1, 2, 4, 5, 7, 10, 14, 21, 29 and 60 (3 rats at each time point). Pregnant female Sprague-Dawley rats were terminally anaesthetised by intraperitoneal injection of sodium pentobarbitone ; fetuses were removed by laparotomy and hysterectomy and immediately perfused via the umbilical vessels with 2 ml of normal saline at 4 mC followed by 5-10 ml of 4 % depolymerised paraformaldehyde (DP) in 0.1 molar phosphate buffer, pH 7.4 with a syringe and 36 gauge needle. Neonatal animals up to the age of 7 d were anaesthetised by hypothermia and perfused transcardially with 2 ml of normal saline at 4 mC followed by 50 ml of DP at 4 mC. Older animals were terminally anaesthetised with sodium pentobarbitone and perfused transcardially with 5 ml of normal saline at 4 mC followed by 100-500 ml (depending on size) of DP at 4 mC.
The L4 and L5 lumbar DRGs and the L4\L5 level of the spinal cord were then identified, removed and allowed to fix for a further 3 h at 4 mC in DP before being transferred to 10 % sucrose in phosphate buffer for 48 h for the purpose of cryoprotection. The tissue was then mounted in OCT embedding medium and frozen in freezing isopentane. Tissue for free-floating immunocytochemistry (for LA4, LD2 and SSEA4) was cryosectioned into 40 µm sections and washed in phosphate buffered saline, pH 7.4 (PBS). Tissue for CGRP and GAP43 immunocytochemistry was sectioned at 20 µm, the sections were mounted onto poly--lysine coated slides and dried at room temperature.
Immunocytochemistry
The free-floating sections were incubated for 48 h at 4 mC in LA4 (mouse monoclonal IgM from ascites : diluted 1 : 50 in 10 % fetal calf serum in PBS with 0.1 % Triton-X), LD2 (mouse monoclonal IgM from ascites : diluted 1 : 100 in 10 % fetal calf serum in PBS with 0.1 % Triton-X) or anti-SSEA4 (mouse monoclonal IgG from tissue culture : diluted 1 : 10 in 10 % fetal calf serum in PBS with 0.1 % Triton-X). The sections were then washed in 3 changes of PBS at room temperature for 1 h before being incubated overnight at 4 mC in peroxidase conjugated goat antimouse IgM (for LA4 and LD2 : Sigma) or peroxidase conjugated goat antimouse IgG (for SSEA4 : Sigma) diluted 1 : 50 in PBS. Sections were then washed for 1 h in 3 changes of PBS at room temperature before being incubated in a 0.05 % solution of the chromogen diaminobenzidine hydrochloride (DAB) in PBS with 0.01 % hydrogen peroxide for 20 min, also at room temperature. These sections were rinsed in PBS and mounted onto slides, dried, dehydrated, cleared and mounted in Ralmount (BDH).
Sections mounted for anti-CGRP and anti-GAP43 immunostaining were washed in 2 changes of PBS for 10 min before being incubated at room temperature in normal swine serum, diluted 1 : 20 in PBS for 30 min. The solution was tipped off and a solution of either anti-CGRP (rabbit polyclonal, diluted 1 : 1000 in PBS with 0.1 % bovine serum albumin and 0.1 % Triton-X) or anti-GAP43 (rabbit polyclonal, diluted 1 : 20 000 in PBS with 0.1 % bovine serum albumin and 0.1 % Triton-X) applied to the sections overnight at 4 mC. The slides were then washed in 3 changes of PBS for 30 min at room temperature before being incubated in biotinylated swine antirabbit secondary antibody (Dako), diluted 1 : 500 in PBS for 90 min at room temperature. The slides were then washed again in 3 changes of PBS for 30 min before incubation in peroxidase conjugated avidin for 90 min (diluted 1 : 500 in PBS). After 3 more washes in PBS for 30 min the slides were incubated in DAB solution (see above), dehydrated, cleared and mounted. Sections were examined using a i63 oil immersion objective (with a numerical aperture of 1.4). This allowed us to examine the relatively thick sections of tissue in 0.5 µm optical sections, so that membrane immunostaining could be differentiated from cytoplasmic immunostaining.
Sources of antisera
The anti-CGRP antiserum was kindly provided by Dr P. Facer of the Royal Postgraduate Medical School, Hammersmith Hospital, London, and the anti-GAP43 antisera by Dr G. P. Wilkin, Dept. of Biochemistry, Imperial College of Science, Technology and Medicine, London. The LA4 and LD2 antisera were kindly provided by Professor J. Wood of University College London. The anti-SSEA4 antiserum was obtained from the Developmental Studies Hybridoma Bank maintained by the Department of Pharmacology and Molecular Sciences at Johns Hopkins University School of Medicine, Baltimore, USA and the Department of Biology at the University of Iowa, Iowa City, USA under contract number NO1-HD-2-3144 from the NICHD. 


CGRP
Immunostaining of DRG neuron perikarya for CGRP was already evident at E 19 (Fig. 1 a) and was also present in the dorsal horn of the spinal cord (Fig. 1 b) , where some immunoreactive fibres could be seen terminating in more ventral laminae. By P4 (Fig. 1 c) , some larger immunoreactive neurons in the DRGs were evident, and the laminar distribution of their terminals had become more pronounced (Fig. 1 d) . The intensity of immunostaining gradually increased over the time of observation, and by P21 (Fig. 1 e, f) appeared identical to that seen in adults both in DRGs and spinal cord.
LA4
LA4 immunoreactivity (LA4-IR) first began to appear in the region of the plasma membrane of some DRG neuron perikarya on P1-2 (Fig. 2 a, and this increased in intensity over the following week (Fig. 2 b) . LA4-IR neurons were of a relatively uniform size, approxi-mately 15-20 µm in diameter. Between P4 and P7, axons in the dorsal root and spinal nerve became LA4-IR, as did the Lissauer's tract (see Fig. 2 d) . Very sparse punctate immunoreactivity began to appear in the dorsal horn of the spinal cord on P4 (Fig. 2 c) . Occasionally cells with branching cytoplasmic processes, resembling microglia in shape, demonstrated LA4-IR at all time points, and at P4 these cells appeared to be more numerous in the upper laminae of the dorsal horn than anywhere else in the spinal cord. The LA4-IR progressively increased in density with time in the region of inner lamina II (LIIi) until, by P21 (Fig. 2 e) , the pattern of immunostaining was similar to that seen in adult animals (Fig. 2 f) .
LD2
Faint LD2-IR began to appear in the vicinity of the plasma membrane of occasional DRG neurons on P1-2 (Fig. 3 a) . The intensity, and the number, of LD2-IR neurons, which at this point were almost exclusively of small diameter, rapidly increased thereafter (Fig. 3 b) . Immunoreactivity was mainly concentrated in the region of the plasma membrane until P7-10, when immunoreactivity became evident in the cytoplasm of DRG neurons as well (Fig. 3 c) . At this stage some larger diameter DRG neurons also began to demonstrate profuse LD2-IR, and this pattern of LD2-IR was maintained for the remainder of the period of observation.
LD2-IR began to appear in the dorsal horn of the spinal cord on P4 as punctate deposits in the region of lamina I\II and in Lissauer's tract (Fig. 3 d) . Subsequently the density and intensity of the LD2-IR gradually increased so that, by P17, lamina I and II (outer) of the dorsal horn demonstrated the strongest staining, with fainter immunoreactivity in LIIi, (Fig.  3 e) . By this stage some LD2-IR fibres could be seen penetrating deeper laminae, and by P21 LD2-IR demonstrated the adult distribution (Fig. 3 f) .
SSEA4
Very occasional SSEA4-IR DRG neurons were first observed on P1 (Fig. 4 a) . The number and size of these neurons increased over the next 21 d (Fig. 4 b, c) until the appearance of immunostained sections of DRG was indistinguishable from that of adults, in which approximately 10 % of DRG neurons demonstrating SSEA4-IR (see Holford et al. 1994 ; Groves et al. 1996) . In the adult these were exclusively of medium to large diameter (approximately 50 µm; Holford et al. 1994 ; Groves et al. 1996) .
In the spinal cord, SSEA4-IR first becomes visible on P1 in the medial part of lamina III-V adjacent to the corticospinal tracts (Fig. 4 d) . At this point it appeared as a diffuse pattern concentrated in the spinal grey matter around the base of the pyramidal tracts. By P5 punctate SSEA4-IR began to appear in the lateral parts of lamina III-IV (arrowheads, Fig.  4 e) and increased in intensity in all areas until adult intensity and distribution was reached at around P10-17 (Fig. 4 f) .
GAP43
At E19-P4 most DRG neurons showed immunostaining in the area of the plasma membrane, in the perinuclear region of the cytoplasm and in their axons, some of the smaller diameter neurons appearing more intensely immunostained than other DRG neurons (Fig. 5 a) . This pattern continued until, at around P5 (Fig. 5 b) , some DRG neurons and axons began to show decreased GAP43-IR in relation to other DRG neurons. At P7-14 the size difference between DRG neurons became more marked, and the number of GAP43-IR neurons and axons continued to decrease gradually (Fig. 5 c) . By P29 approximately 60 % of DRG neurons (including some large diameter neurons) demonstrated GAP43-IR, and by P60 GAP43-IR was confined to the small and intermediate diameter DRG neuron population, with very occasional GAP43-IR, large diameter DRG neurons (Fig. 5 d) .
At E19 all the white matter tracts, superficial lamina and axon bundles in the spinal grey matter in deeper laminae III and IV demonstrated intense GAP 43-IR whereas the remainder of the grey matter demonstrated a fainter and more homogenous GAP43-IR (Fig. 5 e) . This pattern of immunoreactivity persisted until P4-5 when the pyramidal tract became the most intense region of GAP43-IR (Fig. 5 f) . Lamina I\II, bundles of axons in lamina III-V and the lateral and ventral white matter tracts also demonstrated strong GAP43-IR, and within the grey matter the neuropil appeared more immunoreactive whereas perikarya of motor neurons and interneurons were negative. Furthermore a small region of intense GAP43-IR appeared at this stage in lamina X ventral to the central canal. At P10 GAP43-IR had decreased in both white and grey matter of the spinal cord, apart from the region of lamina I\II (outer) of the dorsal grey matter and ventral to the central canal in lamina X (Fig. 5 g) . The pyramidal tracts also retained some GAP43-IR and this pattern persisted up to P60 (Fig. 5 h) .

This paper demonstrates that the expression of oligosaccharide conjugates begins after birth around the time that GAP43 expression begins to decrease in contrast to the neuropeptide CGRP, the expression of which appears to be initiated well before birth. The implications of this finding are discussed below.
Our observations regarding CGRP expression are in keeping with previous reports of CGRP and neuropeptide immunoreactivity in embryonic and neonatal rats (Marti et al. 1987) . CGRP is a marker molecule for the neuropeptide-containing small diameter sensory neuron population (Alvarez et al. 1991) and, more generally, indicates neurons that express the high affinity NGF receptor, trk A (Verge et al. 1989 ; Averill et al. 1995) .
The function of oligosaccharide conjugates in sensory neurons is poorly understood compared with what is known about the function of CGRP, but they are probably involved in neuron-neuron or neuroncell recognition in common with other cell surface oligosaccharides. Other work describing endogenous galactose-binding lectins in sensory neurons (e.g. Jessell et al. 1990 ; Puche & Key, 1995 ; Cameron et al. 1997) suggests that similar recognition molecules for α--galactose-containing oligosaccharide conjugates may exist on spinal cord neurons as well.
Until recently there has been little indication of what cues or stimuli govern the expression of these oligosaccharide conjugates in contrast to neuropeptides such as CGRP, the expression of which is controlled by NGF (Verge et al. 1995 ; . Recent studies have found that the expression of terminal α--galactose (both LD2 and LA4 antibodies bind to oligosaccharides containing terminal α--galactose residues) in sensory neurons is likely to be under the control of glial derived neurotrophic factor (GDNF) acting through the Ret receptor (Molliver et al. 1997) . These neurons can be stained with the Griffonia simplicifolia isolectin B4 (GS-IB4) and are the same nonneuropeptide-containing small DRG neuron population as the LA4-IR population (Averill et al. 1995) . There have been suggestions that this population also appears to express the P2X3 receptor for adenosine (Elde & North, 1997) which if confirmed, suggests that these neurons may be involved in the detection of tissue injury. GS-IB4 staining also increases in the 2 wk after birth (Bennett et al. 1996) , as does fluoride resistant acid phosphatase, (FRAP, which also occurs in the nonneuropeptide-containing small DRG neuron population) which begins 12-24 h after birth, reaching adult levels by P6 (Mattio et al. 1981 ; Fitzgerald & Gibson, 1984) . If the expression of the α--galactose containing (LA4 and LD2) oligosaccharide conjugates is also controlled by GDNF, as seems likely, then it may explain how these molecules come be expressed after birth. The Ret receptor begins to be expressed in small diameter sensory neurons relatively late in embryonic development (E15.5) and does not reach adult levels until P7 (Molliver et al. 1997) . In adult rats Ret is also expressed in some large DRG neurons, but virtually no overlap exists between neurons that express the Ret receptor complex and ones that express the trk A neurotrophin receptor (Molliver et al. 1997) . It remains to be seen whether SSEA4, the globoseries oligosaccharide conjugate, is expressed by neurons that also contain Ret.
It is likely that the initiation of expression of these oligosaccharide conjugates is connected in some way with the morphological ' maturation ' of synapses that occurs in lamina II after birth (Pignatelli et al. 1989) . Axodendritic dark sinuous afferent terminations occur in lamina II on the day of birth ; these demonstrated FRAP activity from P2, and appeared to turn into the mature glomerular type of afferent termination over the next 2 wk (Pignatelli et al. 1989 ) which would match the increasing expression of LD2 and LA4 at this time. However, certain changes occur in peripheral innervation patterns of sensory neurons in this period as well : cutaneous receptor organs are not innervated until after birth, and the cutaneous plexus withdraws to the dermis after birth (see Fitzgerald & Fulton, 1992) , so oligosaccharide expression could conceivably be connected with these events as well. It is also interesting to note that the expression of GAP43 begins to decrease to adult levels at around this time.
It appears from this study that these oligosaccharide markers may be useful tools with which to investigate sensory afferent interactions with spinal cord interneurons, or with their peripheral targets. In order to establish their role, it will be necessary to perturb the normal binding of these oligosaccharides with their recognition molecules with artificial oligosaccharide analogues. The results of such an investigation could finally reveal the function of these intriguing molecules. 

